Conventionally, a flexural plastic hinge is designed and detailed at the core wall base and coupling beams ends to control the seismic responses. This strategy is based on allowing the damage to be concentrated on main structural components. To avoid such damage, an alternative strategy using energy dissipating devices (EDDs) such as buckling restrained braces (BRBs) is being studied and implemented nowadays. In this study, effect of BRBs locations on forty-(40-) story high-rise RC core wall case study building has been studied in detail using Nonlinear Response History Analysis (NLRHA) for seven spectrally matched ground motions. BRBs have been installed at critical locations identified with respect to the maximum DBE elastic modal racking shear deformation demands and force (shear and moment) demands in three different options. The force, deformation, and energy demands on structural components are compared for conventional design and different options of BRBs. The comparison with conventional design shows that BRBs not only are effective for reducing shear force demand along wall height, bending moment demand at mid height, and deformation demands by 10%, 45%, and 45%, respectively, but significantly reduce the rotation and energy demands in the core wall by 90% and 250%, respectively.
Introduction
High-rise reinforced-concrete (RC) core wall buildings are being built in areas of high seismic hazard. The structural system of these buildings is classified as building frame system as per Uniform Building Code [1] . For reasons of economy, less construction time, and flexible architecture, these systems are preferred over other lateral-force-resisting systems, for example, dual structural systems [2, 3] . The core wall buildings consist of central core wall and peripheral columns connected by the posttensioned slabs at each story. Sometimes, core wall is also connected to the outer columns through one-or twostory deep outriggers to control the lateral displacements. The stiffness of the core wall is much higher than the combined stiffness of the peripheral columns. Therefore, lateral load is mostly resisted by the core wall. For both design basis earthquake (DBE) and the maximum considered earthquake (MCE) levels, it is uneconomical to design these walls in the elastic range. Under such severe shakings, flexural single plastic hinge (SPH) is designed and detailed at the core wall base and coupling beams ends to reduce the seismic demands. However, the plastic rotation in the hinge zone must be within an acceptable limit. The wall above the hinge zone and the other portion of coupling beams is expected to remain elastic [4] [5] [6] [7] [8] .
Recent studies on a 60-story and 40-story RC core wall buildings with SPH at the base in high seismic areas show that the base shear demand at MCE level is as high as 15-20% of the total building weight. Furthermore, bending moment demands at upper levels shall be almost double compared to that at the base level [9] [10] [11] . To address these large shear and moment demands, the design may not be economically justified for rare event of an MCE earthquake level. Furthermore, problem of reinforcement placing may arise due to reinforcement congestion. Therefore, these demands need to be reduced by different possible measures. Several approaches were proposed to reduce these demands. One approach is to allow the wall to yield at any location along its height. This approach is referred to as Ductile Wall (DW) approach and was proposed by [12] . This approach is uneconomical due to stringent ductile detailing requirements all along the wall height. Furthermore, these buildings may not be economically repairable due to spread of damage in a seismic event. The second approach is Dual Plastic Hinge (DPH) approach in which one hinge is allowed at mid height in addition to the plastic hinge at the base [13] . This approach is effective only for reduction of 2nd mode bending moment demand at mid height of the wall. Another approach in which plastic hinges were allowed at several effective locations was proposed by [14] [15] [16] .
However, in all the above-mentioned approaches, damage is allowed in main structural components such as shear walls and coupling beams. To avoid this, another strategy which incorporates energy dissipating devices (EDDs) in the structural system to reduce the inelastic energy dissipation demand on the framing system [17, 18] has been introduced. In this strategy the structural components may remain elastic or suffer less damage during an earthquake; the structural and nonstructural damage may be considerably reduced. These devices were incorporated in a number of new buildings and were used to retrofit existing buildings to reduce the wind and seismic induced responses [19, 20] . Buckling restrained braces (BRBs) are one of the proven choices as EDDs for reducing seismic response reduction. In Japan, BRBs have been used successfully for many projects in retrofitting of the existing buildings as well as design of new buildings. Their recent use in high-rise buildings is reported in a 60-story One Rincon Hill Building in San Francisco [10] and 50-story tall ductile core wall building in Philippines [23] .
In this study, effect of BRBs locations on 40-story highrise RC core wall case study building is studied in detail using Nonlinear Response History Analysis (NLRHA). BRBs have been placed at critical locations in cut in shear walls and between peripheral columns and shear walls. The critical locations are identified based on DBE elastic racking shear deformation demands and force demands. The comparison between different options in terms of force (shear force and bending moment), deformation (displacement, racking shear deformation, and plastic hinge rotation in wall), and energy demands has been shown.
The Case Study Building and Elastic Modal Demands

Description of the Case Study Building.
The building is taken from previous research studies [9] [10] [11] [14] [15] [16] . The typical floor plan of the building and 3D model are shown in Figure 1 . This is a 40-story residential tower above the ground with three levels of below-grade parking. The typical story height is 3 m and a lobby-level height is 6 m. Thus, the total height of building above ground is 120 m. The building is supported by a thick foundation slab to transfer load on a firm ground. The soil condition beneath and surrounding the building is represented by stiff clay soil. This is equivalent to the soil type SD in the UBC-97 [1] . The structural components of the building are comprised of a central RC core wall thickness 
DBE Elastic Modal Demands by Modal Response Spectrum
Analysis. The modal response spectrum analysis (MRSA) of the building is performed using UBC-97 [1] design basis response spectrum for seismic zone-4 and soil type SD for 5% damping in the single mode of vibration. The response spectrum is shown in Figure 2 . The building is analysed in the -direction only for brevity and considered sufficient for the purpose of this study. The commercial software ETABS [24] is used for MRSA procedure. First six modes are found to be sufficient for 90% mass participation in the MRSA. However, results show that both shear and moment demands are mainly dominated by first four modes. The combined demands are obtained by combining individual modal demands using CQC method. DBE elastic demands in the core wall in first four dominant modes as well as their combination are shown in Figures  3(a), 3(b) , 3(c), and 3(d), respectively. Both shear and moment demands are dominated by 1st, 2nd, and 3rd mode, whereas deformation demands are dominated by the 1st mode only. These demands shall be used for preparation of model for Nonlinear Response History Analysis and to find the critical locations of the BRBs. The story racking deformation angle is the shear deformation of the panel between wall and peripheral columns. This is equal to the conventional story drift ratio subtracted by the floor inclination angle measured clockwise from a horizontal plane.
Description of Model for Nonlinear Response History Analysis and Selection of Ground Motions
The nonlinear model is implemented in Commercial Software Perform-3D [25] . The core wall is modelled using 22 one-story high (3 m) inelastic shear wall elements at the plastic hinge location at the base. Each shear wall element was comprised of 8 concrete and 8 steel fibres at the plastic hinge locations, whereas the wall at other locations is modelled as the 22 linear elastic shear wall elements. The previous studies [26, 27] show that plastic hinge length of the high-rise wall may be taken as 1/2 to 2/3 times wall length (Lw). The length of the wall in this case is 10 m. Therefore, plastic hinges were allowed over two-story height (6 m), which is approximately 2/3 Lw. However, one-story high inelastic shear wall elements were used over the plastic hinge length based on section 6.8.2.2.2 of FEMA-356 [28] , which mentions that plastic hinge length should be smaller than one-story height or Lw/2. The flexural strength at the plastic hinge location should be as low as possible to allow early yielding of the wall, but at the same time plastic hinge rotation as well as related deformation demands such as story drift and racking shear deformation should be within permissible limits. In this study, flexural strength is based on the DBE design moment demands determined by code based procedure of UBC-97 [1] . These are larger than the values obtained either (a) by dividing the combined elastic demands by appropriate response modification factor " " of 5.5 or (b) by dividing " " factor required to satisfy the requirement of 90% of the base shear obtained from static analysis procedure. There are mainly two reasons for setting flexural strength in this way: (1) this is based on the standard code based design such as UBC-97 [1] ; (2) modern code such as LATBDC-2008 [29] recommend capacity design as a first step of the performance based design, and designers are using the code based design as the initial step and later used for modelling plastic hinges at the ends of coupling beams. All slabs and columns are modelled by elastic slab and column elements of the Perform-3D, respectively. Seven set of ground motions are selected from PEER [30] and COSMOS [31] data bases. The ground motions include both short distance moderate and long distance large magnitude earthquake. The selected ground motions are first roughly scaled up or down by a constant factor to approximately match the target MCE spectrum. The roughly scaled ground motions are then matched to the MCE target spectrum by using time domain spectral matching technique of [32] . The software RSP match [33] is used for this purpose. The target spectrum and spectra of seven spectrally matched time history used in this study are shown in Figure 2 . Nonlinear material models similar to those proposed by [34] were assigned for rebar's and concrete material, respectively, as shown in Figure 4 . The modal damping is set as per recommendations of [35] , CTBUH (2008), and [36] .
Analysis of Structure without BRBs
The controlled structure described in Section 3 is analysed for seven sets of ground motions. The shear and moment demands obtained are shown in Figure 5 . These results show that base shear demand is about 15% of the total building weight. Similarly, moment demand is also very high at mid height. However at the base, the moment demand is clipped to the flexural strength of plastic hinge. If the wall is designed for mid height moment to remain elastic and hence no damage, there shall be reinforcement congestion. On the other hand, if plastic hinge is allowed at mid height, the core wall shall be subjected to high rotational demands and hence damage near the mid height of the wall in addition to the base. To reduce damage at the base of the wall as well as reduce mid height moment to avoid reinforcement congestion, an alternative strategy using different arrangements of buckling restrained braces (energy dissipating devices) has been evolved in the next section (Options-2-4) and results are compared with the controlled structure (Option-1).
Buckling Restrained Braces, Evolvement of
Strategies for Efficient Locations, Their Size, and Modelling
Buckling Restrained
Brace. An ordinary brace exhibits unstable hysteretic behaviour due to buckling in compression; hence it cannot dissipate much energy. To avoid compression buckling and to achieve more energy dissipation, another brace known as buckling restrained brace (BRB) has been introduced. This type of brace exhibits stable hysteric behaviour because its compression buckling is avoided due to encasing by an outer steel tube. The main brace and outer tube are separated by bonding material in order to accommodate the lateral expansion due to its compression yielding [37] . A typical BRB is shown in Figure 6 [38].
Location of Buckling Restrained Braces.
BRBs have been installed at several critical locations based on the results of elastic modal decomposition analysis in dominant modes such as 1st, 2nd, and 3rd modes and results are compared with controlled structure described in Section 4 (Option-1).
In second option (Option-2), the BRBs have been installed at bays 2, 3, and 4 between peripheral columns and central core wall based on the maximum racking shear deformation demands in 2nd and 3rd modes. This arrangement is shown in Figure 7 . In third option, small size BRBs have also been installed at bays 2 and 4 in cut in central core wall at the maximum moment demands in 2nd and 3rd modes. These BRBs are in addition to the BRBs in Option-2. This arrangement is shown in Figure 8 . In final and fourth option (Option-4), BRBs have been installed in cut in central core wall at bays 2 and 4 at the location of maximum shear force in 2nd and 3rd modes in addition to the BRBs in Option-2. This is shown in Figure 9 . It may be noted that the locations of BRBs in Option-1, Option-2, and Option-3 are also suitable for mode-1. The BRBs dissipate energy through axial tension and compression. To achieve maximum energy dissipation, the BRBs should be placed at the proper locations and angles. Each BRB has been placed at an angle of approximately /4 covering almost three stories for exterior brace and two stories for brace in cut in core wall. These V-shaped BRBs configurations resemble the BRBs configuration used in mega braced frames steel buildings reported in the previous studies [39] [40] [41] . BRBs shall cross the slabs through purposely built openings provided in the slabs. A horizontal drag element is used from point, where BRB connects to the column, to the central core wall to take care of the horizontal force component of the BRB axial force at column connection.
Size of Buckling Restrained Braces.
Sizes of the BRBs have been selected by hit and trial using more rigorous nonlinear time history analyses (NLTHAs) using displacement-based design approach. Their size should neither be too large to be uneconomical, nor be too small to be ineffective. Thesection of the braces between peripheral columns and central core wall is selected as 7500 mm 2 , whereas it is 3750 mm 2 , for braces in cuts in core wall. The buckling restrained braces manufactured by star seismic with normal yield strength of 280 MPa are used for braces between peripheral columns and central core wall [42] . However, the low yield point-100 (LYP100) steel core manufactured by Nippon Steel Corporation, Japan, with specified yield strength of 100 MPa is used for braces in cut elements [22] . The low yield point steel braces are used in cut in core wall to mainly achieve more energy dissipation through the early yielding of the brace [43] .
Modelling of Buckling Restrained Braces.
A BRB consists of three components, that is, central yielding core brace, ends member connecting the central brace with the pin connection, and pin connection between brace and main structural members. The length of the exterior core brace is 4.5 m, whereas length of the core brace in cut of core wall is 1.8 m. These lengths are in the optimum range of 0.2-0.4 times the total length of the brace. Several advantages such as simple replacement, lesser weight, concrete elimination, economy, and easy erection process are associated with reduced length of the core brace [44] [45] [46] [47] [48] [49] [50] . BRB has been modelled using the BRB compound component of the Perform-3D. Such member is composed of three components, that is, (1) a BRB basic component for main yielding brace, (2) an elastic bar basic component for member connecting brace with gusset plate, and (3) a stiff end zone which accounts for the gusset plates, and so forth, at both ends of the member. The positive side (tension) of the trilinear curve to define the force-deformation of the BRBs is shown in Figure 10 . It can be seen that, after yielding, there are two lines such as bottom and top line. The bottom line is used to simulate first cyclic load and the top line is used to simulate full strain hardening. The same behavior has been observed in tests like the hysteresis loop which can progressively grow in size. This is sometimes referred to as "isotropic hardening." This leads to the component increase in strength under cyclic load. The negative side of the curve shows a little variation due to difference in the values of compression and tensions. FY, FUO (FUO (T) = 1.05 FY, FUO (C) = 1.04 FY), and FUH (FUO (T) = 1.34 FY, FUO (C) = 1.51 FY) are yield strength, strength at first loading cycle, and strength of the core brace after full hardening, respectively. DU (DU (T) = 0.7, DU (C) = 0.7) is the deformation at FUO and DX (DX (T) = 0.04 LYC, DX (C) = 0.04 LYC) is the maximum deformation of the brace. LYC is the length of the yielding core. KO is the Initial stiffness of the core brace and KF (= 0.02 KO) is the slope of third line [42] . The strain hardening properties such as deformation at FUO-FUH average are taken equal to 2 times (LYC/180) and deformation at FUH is taken as 3.5 times (LYC/180). The typical force-deformation relationship for exterior (between peripheral columns and core wall) and interior BRB (in cut in core wall) obtained from NLRHA analysis for a particular ground motion is shown in Figures  11(a) and 11(b) , respectively. These figures show that hysteresis loop is similar to the reported Clark et al. 1999 [38] proving that performing BRB element can capture the behaviour appropriately. The size of the elastic bar element is selected such that it can safely carry maximum axial force in brace in elastic range to conform to the capacity design approach. Stiff end zone is few times stiffer than the elastic bar element.
Comparison of the Responses in Different Options and Discussion on the Results
NLRHA is performed using seven spectrally matched time histories. Different response quantities such as displacement, plastic hinge rotations in coupling beams and core wall, shear deformation angle (story racking shear deformation), bending moment, shear force, and energy demands are obtained from this analysis. The plastic rotations are calculated by multiplying the average curvature of the wall at mid height with the plastic hinge length. The mean value of different quantities obtained from seven ground motions are shown and discussed in following paragraphs. Shear demands obtained from four options are shown in Figure 12 (a). Shear demand pattern and magnitude are similar in all options. Moment demands obtained from four options are shown in Figure 12(b) . The moment demand at the base is similar in all four options because this is clipped to the flexural strength of the plastic hinge at the base of the wall. However, it is reduced along the wall height by 30, 35, and 40% in Option-2, Option-3, and Option-4, respectively, in comparison to that in 1st option. The reduction in moment demand is significant in all options. This will help to avoid reinforcement congestion in the wall near mid height.
Displacement demands obtained from four options are shown in Figure 13 (a). Displacement demand pattern is similar for all options. However, displacement demand is reduced along the wall height by 40, 40, and 60% in Option-2, Option-3, and Option-4, respectively, in comparison to that in 1st option. Racking shear deformation demands obtained from four options are shown in Figure 13(b) . The racking shear deformation demand patterns are similar for all four options. However, racking shear deformation demands are reduced along the wall height by 40, 40, and 65% in Option-2, Option-3, and Option-4, respectively, in comparison to that in 1st option. This is significant reduction. Racking shear deformations of 0.036 in the controlled structures are reduced to 0.023 which is well within the limit of 0.03 set by [29] LATBSDC, 2008, for the MCE level earthquake.
Rotational demands in the core wall at the base level as well as in coupling beams along the height are shown in Figures 14(a) and 14(b) , respectively. The rotation demand in the wall is calculated by multiplying the average curvature at the mid height of the inelastic wall element by height of the wall. The comparison shows that the maximum rotational demand at the base of the wall is reduced by 99, 57, and 93% in Option-2, Option-3, and Option-4, respectively, in comparison to that in 1st option. This is strong indication that damage at the base of the wall shall be reduced to half and consequently extent of repair shall be small and hence cheap in case of severe MCE events such as DBE and MCE level earthquake. The rotational demands in coupling beams are reduced by 52, 40, and 35%, respectively, above the half height level for Option-2, Option-3, and Option-4, respectively, in comparison to 1st option. However, rotation demand remained the same in the lower half portion of the building for all options. Energy dissipated by core wall, coupling beams, and buckling restrained braces have been compared in Figures  15(a)-15(d) , respectively, for Option-1, Option-2, Option-3, and Option-4, respectively. This is energy dissipated in percentage of the total energy demand in the structure. The total energy demand is sum of the kinetic energy, elastic strain energy, energy dissipated by elastic modal damping, and energy dissipation by damage in structural elements such as core wall, coupling beams, and BRBs. About 83%, 92%, 92%, and 90% energy have been dissipated by elastic modal and inelastic damping in Option-1 to Option-4, respectively. The energy dissipation by modal elastic damping to the total energy demands is 50%, 37%, 35%, and 33%, respectively, in Option-1 to Option-4, respectively. The energy dissipation by core wall at the base to the total energy demands is 22%, 6%, 6%, and 6% in Option-1 to Option-4, respectively. The energy dissipation by coupling beams to the total energy demands is approximately 10%, 4%, 5%, and 6% in Option-1 to Option-4, respectively. The energy dissipation by BRBs to the total energy demands is 0%, 45%, 45%, and 45%, respectively, in Option-1 to Option-4.
Effects of BRBs on Axial Loads, Shear, and Moment of Columns and Permanent Deformation due to BRBs Plastification
Effects of BRBs on axial loads of columns and permanent deformation due to BRBs plastification have been discussed in this section. The axial load envelope in a typical column for Options-1-4 is shown in the Figure 16 . The magnitude of axial load is same for Options-2-4 (with BRBs) and is twice than that in Option-1 (controlled structure). This is due to the outrigger effect created by the connection of columns and core wall through BRBs. Some core wall moment has been resisted by the development of axial push-pull in the columns. Furthermore, the shape of the axial load envelope is smooth in case of Option-1, whereas it is jagged at the locations of the BRBs for Options-2-4. The moment envelope and shear envelope for one typical column are shown in Figures 17(a) and 17(b) , respectively. It shows that moment and shear have been reduced at the ground level in Options-2-4 in comparison to Option-1, whereas these remain almost the same at upper portions. The extra moment and shear at the ground level in Options-1-4 is due to the transfer of moment and shear to the columns when core wall yields. To better understand the permanent deformation in the structure due to BRBs plastification, cyclic pushover analysis in first mode is performed using target displacement obtained from NLTHA for all cases. The cyclic base shear versus top displacement is compared in Figure 18 . It can be seen that this curve is flag shaped for Option-1, whereas it is bilinear pinching type in Options-2-4. There is no permanent deformation in controlled structure and flag shaped hysteresis behaviour is observed. The same behaviour was observed during test conducted on a large-scale model of a concrete shear wall from the core of a high-rise building in the study of Adebar et al. [27] . The combination of low percentage of vertical reinforcement and large axial compression force due to gravity loads (axial force/(concrete 28 days cylinder strength × gross area of wall) > 0.1) caused the flexural cracks to close when the lateral load was removed. In Options-2-4, small permanent deformation (residual displacement) is observed. This is because of the plastification of BRBs as well as transfer of the moment demand from shear wall to columns in the form of axial push-pull.
Conclusions
(i) In this study, different options of location of BRBs are investigated for a 40-story case study building. The locations of BRBs are identified based on the DBE elastic racking shear deformation and shear and bending moment demands in dominant 2nd and 3rd modes. NLRHA is then performed for seven sets of spectrally matched target time histories and results are compared for different options. (ii) In all options, shear force demands, bending moment at mid height, displacement demand, racking shear deformation demand, and rotation demand in coupling beams are reduced by 10%, 45%, 45%, 45%, and 40%, respectively, in comparison to the controlled structure. (iii) Rotational demand in the core wall at base level is reduced by 99%, 57%, and 93% in Option-2, Option-3, and Option-4, respectively, in comparison to Option-1. Whereas, energy dissipated by the core wall is reduced by around 250% in the core wall in comparison to the controlled structure. Rotational demand and energy dissipation are measure of damage in the core wall. Thus damage can be significantly reduced by installation of BRBs.
(iv) All BRBs options are effective for bending moment reduction at mid height, displacement and racking shear deformation demands along the wall height, and rotation demand at the base of the wall and in coupling beams above the mid height of the building. However, Option-4 in which BRBs are installed between peripheral columns and central core wall and cut in shear walls based on the maximum shear force and bending moment leads to the highest reduction. This is because of the early yielding of the interior braces.
(v) This work is equally important for academia and practising engineers especially those working in the field of performance based design of the high-rise buildings in the commercial consultancy. This will help them to locate BRBs at appropriate locations while designing their buildings in an optimal way.
